The Jatadharmohan creek lies between Mahanadi and Devi Rivers along the Orissa coast and it is separated from the sea by an elongated sand spit. It was proposed to mine a volume of 15 x 10 6 m 3 of sand from the creek for land filling, but maintaining the spit intact. For this, the stability of sand spit is studied with different criteria. The results confirm that the creek mouth is a near permanent zone of deposition. The model results obtained for various depth scenarios show that the magnitude of currents would increase considerably when depth is increased by 7.0m
Introduction
The Jatadharmohan creek (hereinafter referred to as JMC) is a tidal creek oriented in the NE-SW direction ( Fig. 1 ) and lies to the south of Paradip, along the east coast of India. This creek runs almost parallel to the shoreline for about 9 km, and has an average width of 0.7 km. There are a number of linear to curvy sand ridges on both sides of the creek. Based on their orientation (more or less parallel to the present shoreline), these sand ridges are interpreted as the remnants of beach-dune ridges representing the former shoreline position.
JMC is separated from the sea by an elongated sand spit. There are references to several sand spits along the east coast of India in the Quaternary Deltas of India edited by Vaidyanadhan (1991) . The sandspit adjacent to JMC has a maximum width of 660 m. The tip of this landform is highly subject to hydrodynamic forces from both the creek and sea sides, leading to progression and degradation. It is noticeable from satellite images that considerable deposition is taking place on the spit mouth (NIO Report, 1998) leading to spit extension.
It was proposed to mine a volume of 15 x 10 6 m 3 sand from the JMC for land filling in an adjacent region (NIO Report, 1998 ) and a volume of 13 x 10 6 m 3 sand has actually been mined. Sand mining from the JMC is preferred not only for the availability of good quality land filling material, but also for the reasons such as shallow depth, low priority reach as far as potential for fisheries, vegetation and benthic communities are concerned. A detailed investigation related to bathymetry, high water line (HWL), low water line (LWL), currents, geotechnical properties of sediments, etc. of the JMC has been carried out under the project "Geo-technical and water quality studies of Jatadharmohan creek, Paradip, Orissa" (NIO Report, 1999) . General bathymetry, geomorphology, coastal configuration and environmental conditions prevailing in the JMC-spit zone indicate that the creek could be considered as a major sand sink -a suitable candidature site for sand mining.
Further, wave refraction results show that the coastal region consisting of sand spit and JMC mouth is a divergence zone, irrespective of any particular wave direction and wave period (NIO Report, 1998 
Environmental Conditions
JMC is a very shallow water body with water depths ranging from 0.5 to 2.5m. The ridge complex is very prominent immediately landward of the JMC mouth. This particular large patch of sand ridge complex is surrounded by low-lying tidal flats, which are criss-crossed by smaller tidal inlets. These tidal flats are built of silt and clayey sediments and are partially emerged (NIO Report, 1999) . 
Methodology, Results and Discussion
The following criteria have been applied to evaluate stability of the sand spit when a quantity of 15X10 6 m 3 sand is dredged from the creek:
(i) Tidal current circulation in the creek before and after dredging
(ii) Side slope and dredging depth (iii) Hydraulic gradient and pore water flow
Tidal current circulation in the creek before and after dredging
The circulation pattern in the creek before and after dredging has been studied using a numerical model (TIDAL, 1994) . A rectangular domain of 5200 m X 1500 m has been chosen with a grid size of 100 m X 100 m. Tide elevations, currents, bathymetry and winds measured at the confluence point are given as input to the model. The simulated zonal and meridianal current components (u and v respectively) have been compared with those of measured currents (on 22 April 1999) and the match is very good (Fig. 2) . The results show that magnitude of currents for the new bathymetry increases, but only marginally (Table 1) . Hence, the marginal change in current pattern will not affect the spit stability.
Side slope and dredging depth
The analysis of sediment samples collected from the JMC shows that the texture is predominantly sandy, and the grain size varies from fine to medium. The bore-hole samplings carried out to a depth of 30 m below the creek bed at 18 locations also show the presence of fine to medium sand up to 14m depth and clayey soils beyond that. Geo-technical calculations have been carried out assuming that sand is the material present to a depth of 14m.
The maximum stable slope is equal to friction angle, φ in coarse-grained soil in the absence of seepage. The same in the case of seepage parallel to the slope is approximately one-half the friction angle, i.e, φ/2.
In JMC area, the lowest friction angle (φ) is 27.5° for the soils up to 16m (NIO Report, 1999) . The maximum tidal range in the region is 1.87m. Hence, during low water levels there is a possibility of seepage parallel to the slope and this restricts the maximum stable slope to φ/2 i.e. 13.75°. This slope is stable only in static water condition. Considering the existing hydrodynamics in the creek system, the suitable bed slope to be maintained during dredging on both the sides of the creek t is 1:6, i.e. 9.5°, which is much less than 13.75°.
The stability analysis is carried out for this slope (1:6) using GALENA 4.0 (GALENA, 2003) . The GALENA system considers slope stability assuming that the overall geometry remains the same and it is the slope surface that requires change. In GALENA, the overall geology is defined, including the material properties. Material above the slope surface is ignored since this has been already removed. Thus, GALENA enables a large number of analyses to be undertaken without the need to redefine the model each time.
The stability of slope is studied using Bishop simplified method of analysis incorporated in GALENA. We have considered circular failure surfaces assuming that the material on the scale of the slope is non-cohesive, comparatively homogeneous and isotropic.
The analysis is carried out at 5 critical sections spread over in the JMC (Fig. 6 ). The sections are selected at the points of abrupt change in cross section or direction of flow. A particular section may pass through one or more boreholes. At each section, 7 material profiles are used and density and φ values at every 2m depth are specified. In slope stability analysis, lower φ values and higher density are critical and accordingly, appropriate borehole is considered to represent the material at each section.
The shear strength parameters of the sandy deposits have been found out using the following relation (Muromachi, 1974) : where, σ = overburden pressure
The critical circular failure surface is the one for which factor of safety is the least. This is arrived at by trial and error method assuming two end points and radius for the failure surface. The critical safety factor values for the five sections (Fig. 6 ) are given in Table 2 . The critical failure surface for the most critical section is shown in Fig. 7 . As the factor of safety (Table 2) for all the sections are above 3.0, we can confirm that the suggested slope is stable. The dredging scheme is schematically shown in Fig. 8 . The quantity of material that can be dredged from the creek for different depths from the IMSL has been computed by taking the difference between the existing water level and the new water levels. The quantity varies from 14.0x10 6 to 19.1x10 6 m 3 depending upon depth of dredging (Table 1) . Though the proposed sand for reclamation is approximately 15x10 6 m 3 , only 13x10 6 m 3 has been dredged.
In the model entire volume of water in the creek has been taken into account for computing volume, but dredging need not be done in the entire body of creek. After dredging, regular monitoring was carried out to assess the stability of the spit, and it was observed that the sand spit is intact.
Hydraulic gradient and pore water flow
As water levels in the creek and the sea are almost the same, the level of water table in the spit remains the same before and after dredging. Therefore, no hydraulic gradient exists between the creek and the sea. Further, sand materials are fully in saturated condition and will not have any significant upward pore water flow due to seepage. Hence, there will not be any possibility for the formation of quick sand condition after dredging. Also, there will not be any increase in the hydrostatic pressure in the vicinity other than the dredged segment. This increase is very nominal, and it would act only on the sediment grains lying on the channel bed. As there are no coastal structures or retaining walls existing in the vicinity, there will not be any impact due to this marginal increase in the hydrostatic pressure.
Conclusions
Sand mining from the JMC is preferred since it is shallow and is of low priority reach as far as potential for fisheries, vegetation and benthic communities are concerned.
The increase in the hydrostatic pressure due to dredging is very nominal, and as such there will not be any impact to the sand spit. Dredging should be well within LWL in the creek system and edges of dredging zone should be 700m away from fragile tip of sand spit in the confluence zone. Bed slope at both the sides of creek shall be maintained not less than 1:6 slope. After deepening, it is found that JMC is very productive and the sand spit is totally intact. 
